gp130 is a signal-transducing receptor component used in common by the interleukin-6 (IL-6) family of hematopoietic and neurotrophic cytokines, including IL-6, IL-11, leukemiainhibitory factor, ciliary neurotrophic factor, oncostatin-M, and cardiotrophin-1. We have examined in this study a role of gp130 in the nervous system by analyzing developmental cell death of several neuronal populations and the differentiation of astrocytes in gp130-deficient mice. A significant reduction was observed in the number of sensory neurons in L5 dorsal root ganglia and motoneurons in the facial nucleus, the nucleus ambiguus, and the lumbar spinal cord in gp130 Ϫ/Ϫ mice on embryonic day 18.5. On the other hand, no significant neuronal loss was detectable on day 14.5, suggesting a physiological role of gp130 in supporting newly generated neurons during the late phase of development when naturally occurring cell death takes place. Moreover, expression of an astrocyte marker, GFAP, was severely reduced in the brain of gp130 Ϫ/Ϫ mice. Our data demonstrate that gp130 expression is essential for survival of subgroups of differentiated motor and sensory neurons and for the differentiation of major populations of astrocytes in vivo.
The interleukin-6 (IL -6) family of cytokines, i.e., IL -6, IL-11, leukemia inhibitory factor (LI F), ciliary neurotrophic factor (CNTF), oncostatin-M (OSM), and cardiotrophin-1 (CT-1), display an array of biological f unctions (Taga et al., 1989; Kishimoto et al., 1994; Taga and K ishimoto, 1997) . All these cytokines use gp130 in their respective receptor complexes as a signaltransducing component (Taga et al., 1989 (Taga et al., , 1992 K ishimoto et al., 1994; Stahl and Yancopoulos, 1994; Taga and K ishimoto, 1997) , which explains their f unctional overlaps. These cytokines signal through either homodimers of gp130 (for IL -6 and IL-11) or heterodimers comprising gp130 and a dimer partner, such as an LIF receptor (LI FR) (for LI F, C N TF, OSM, and C T-1) and an OSM-specific receptor component (OSMR) (for OSM) (Davis et al., 1993; Murakami et al., 1993; K ishimoto et al., 1994; Taga and Kishimoto, 1997) .
Mice lacking IL -6, LI F, or C N TF displayed phenotypes less severe than expected from pleiotropic nature of each cytokine, presumably because of compensation by the remaining gp130-stimulating cytokines (Stewart et al., 1992; Escary et al., 1993; Masu et al., 1993; Kopf et al., 1994) . In contrast, mice lacking gp130 or LIFR die during development or shortly after birth (Li et al., 1995; Ware et al., 1995; Yoshida et al., 1996 Yoshida et al., , 1998 Kawasaki et al., 1997) . gp130-deficient mice exhibit defects in myocardium and hematopoiesis (Yoshida et al., 1996 . Mice deficient for gp130 or LIFR show placental defects and reduced bone mass (Ware et al., 1995; Kawasaki et al., 1997; .
Within the nervous system, LIF, CNTF, CT-1, and OSM support survival of several types of neurons in vitro (Ernsberger et al., 1989; Martinou et al., 1992; Taga, 1996; Horton et al., 1998) . They induce cholinergic properties in cultured autonomic neurons (Yamamori et al., 1989; Patterson, 1994) . CNTF induces differentiation of autonomic neurons (Ernsberger et al., 1989) . IL-6 and IL-11 promote neuronal differentiation of pheochromocytoma and hippocampal precursors, respectively (Satoh et al., 1988; Mehler et al., 1993) . Stimulation of gp130 also induces differentiation of astrocytes (Johe et al., 1996; Bonni et al., 1997; McKay, 1997) . Mice deficient for either CNTF or LIF were born normally (Stewart et al., 1992; Escary et al., 1993; Masu et al., 1993) , showing no developmental abnormalities in the nervous system, but exhibited mild loss of motor neurons in the adulthood (Masu et al., 1993) . Crossing these two lines accelerated motor neuron degeneration, but the defect was still moderate . In contrast, CNTF receptor (CNTFR) knock-outs showed neonatal lethality and significant reduction in the number of motor neurons (DeChiara et al., 1995) . A similar neurological defect was observed in LIFR-deficient mice (Li et al., 1995) , suggesting the presence of a cytokine, other than CNTF, which binds to C N TFR and signals through an LI FR-gp130 complex. LIFR-deficient mice exhibited astrocyte loss as well (Ware et al., 1995; Koblar et al., 1998) . Although mitotic oligodendrocytes were moderately reduced in the postnatal optic nerve of CNTFdeficient mice, astrocytes looked normal (Barres et al., 1996) . It is thus of much interest to analyze neurological defects in gp130 knock-out mice in which all the signals from gp130/gp130, gp130/ LIFR, and gp130/OSMR dimers are lost. The present study has been done for this purpose.
MATERIALS AND METHODS
Animals. The effect of gp130 deficiency on the nervous system has not been extensively examined, partly because the gp130 knock-out mice on which we reported previously were on the genetic background of the mixture of 129 and C57BL /6 and died during development (Yoshida et al., 1996 . In the present study, gp130 knock-out mice on the genetic background of ICR were used. On this genetic background, some gp130 null mice survive through the late stages of development to term at an incidence of 9% in total live newborns from gp130 ϩ/Ϫ intercrossings (Kawasaki et al., 1997) . Even in this case, the live newborns die shortly after birth, as observed previously with LI FR-and C N TFRdeficient mice. Mice were treated according to the guidelines of the Tokyo Medical and Dental University Animal Committee.
Cell culture. Neuroepithelial cells were prepared and cultured as described previously (Johe et al., 1996) . In brief, telencephalons from embryonic day 14.5 (E14.5) mice were triturated in HBSS by mild and frequent pipetting with 1 ml pipet tip (Gilson, Middleton, W I). Dissociated cells were cultured for 4 d in N2-supplemented DM EM-F-12 medium containing 10 ng /ml basic FGF (bFGF) (R & D Systems, Minneapolis, M N) (N2-DM EM-F-12-bFGF) on a 10 cm dish that had been precoated with poly-L-ornithine (Sigma, St. L ouis, MO) and fibronectin (Life Technologies, Gaithersburg, MD). Telecephalon-derived cells were plated in one dish with 6 ml of medium. C ells were then detached in HBSS and replated on chamber slides (Nunc, Naperville, IL) precoated as above at a density of 8 ϫ 10 4 cells per well (0.3 ml each, cultured for 3 d). N2-DM EM-F-12-bFGF medium supplemented with various cytokines were used for the cell culture.
Immunoblotting. C ells stimulated with either a combination of IL -6 (100 ng /ml) and soluble IL -6 receptor (sIL -6R) (200 ng /ml) or LI F (100 ng /ml; Genzyme, Boston, M A) were solubilized with N P-40 lysis buffer [0.5% N P-40, 10 mM Tris-C l, pH 7.4, 150 mM NaC l, 3 mM pAPMSF (Wako Chemicals, Osaka, Japan), 5 mg /ml aprotinine (Sigma), 2 mM sodium orthovanadate (Wako Chemicals), and 5 mM EDTA]. Lysates were immunoprecipitated with anti-gp130 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-signal transducer and activator of transcription (STAT) 3 antibody (kindly provided by Dr. S. Akira, Research Institute for Microbial Disease, Osaka University, Suita, Japan). Precipitates and, in some cases, cell lysates were subjected to SDS-PAGE and subsequent immunoblotting with antibodies to phosphotyrosine (4G10; Upstate Biotechnology, Lake Placid, N Y), LI FR (Santa Cruz Biotechnology), or STAT3 (Transduction Laboratories, Lexington, K Y). Detection was done with an ECL system (Amersham, Arlington Heights, IL).
Histolog y. Mouse embryos were fixed with 4% paraformaldehyde in PBS and embedded in paraffin according to conventional procedures. Serial paraffin sections (7 m) prepared with an automated Leica (Nussloch, Germany) rotation microtome were mounted on glass slides and subjected to Nissl staining. Neurons within the facial nucleus, the nucleus ambiguus, lumbar motor column (L1-L6), and L5 dorsal root ganglion (DRG) were counted as described previously (Li et al., 1995) .
Immunofluorescent staining. Cryosections (8 m; Leica) prepared from E18.5 brain and cells cultured on chamber slides were fixed with 4% paraformaldehyde in PBS and stained with anti-glial fibrillary acidic protein (GFAP) antibody (Dako, High Wycombe, UK) and rhodamineconjugated second antibody (Chemicon, Temecula, CA). For the cultured cells, bisbenzimide H33258 fluorochrome trihydrochloride (Nakaraitesque, Kyoto, Japan) was used to stain nuclei.
Neuron survival assay. T11-L3 DRGs were dissected from each E18.5 mouse and chopped briefly with a pair of 27G needles in DM EM. Chopped DRGs from each individual mouse were pooled in one well of a 96-well round-bottom plate and resuspended with 150 l of dissociation buffer (DM EM containing 0.025% trypsin, 0.01% DNase, and 10 mM H EPES, pH 7.5). Plates were incubated at 37°C in a humidified chamber and occasionally tapped to suspend DRG fragments in every 5 min. After 10 -15 min, 50 l of FC S was added to each well to stop trypsinization. DRG cells were gently suspended with 1 ml pipet tip (Gilson) and passed through #300 nylon mesh to remove debris and aggregates. C ells were plated in duplicates in flat-bottom 96-well Biocoat poly-D-lysine -mouse laminin plates (Becton Dickinson, Cockeysville, MD) at a final density of 200 cells per well in 200 l of DM EM-F-12 containing 10% FC S. The following factors were used: 1 g /ml IL -6, 1 g /ml sIL -6R, 300 ng /ml OSM (Peprotech, Rocky Hill, NJ), 300 ng /ml LI F (Genzyme), 300 ng /ml C N TF (Genzyme), and 100 ng /ml NGF (Toyobo, Tokyo, Japan). C ells were incubated for 20 hr, and large bright cells observed under phasecontrast microscopy were counted.
RESULTS

Impairment of astrocyte differentiation in the absence of gp130 signaling
Neuroepithelial cells from E14.5 fetal telencephalon are considered to contain neuroglial stem cells and have been shown to differentiate into astrocytes when cultured with LIF and CNTF (Johe et al., 1996; Bonni et al., 1997; McKay, 1997) . To examine the effect of gp130 deficiency on astrocyte differentiation, we cultured neuroepithelial cells from the gp130 knock-out mice. In these cells, gp130 signaling is completely missing. As shown in Figure 1 A, no tyrosine phosphorylation of gp130 or STAT3 was observed in gp130 Ϫ/Ϫ neuroepithelial cells stimulated with either LIF or a combination of IL-6 and sIL-6R, unlike in the case of the wild-type control. In LIF-stimulated normal control cells, tyrosine phosphorylation of LIFR was also observed, which was completely missing in gp130 Ϫ/Ϫ cells.
E14.5 neuroepithelial cells were then examined for their potential to differentiate into astrocytes in the presence of gp130-stimulating cytokines. Astrocytes positive for their marker protein GFAP were definitely induced in the normal control cell cultures containing IL-6 plus sIL-6R, LIF, or CN TF (Fig. 1 B , b-d) . In marked contrast, no GFAP-positive astrocyte was observed under the same culture conditions when cells were derived from gp130 Ϫ/Ϫ telencephalon ( Fig. 1 B, f-h ). No cells with glial morphology are found in the cultures of gp130-deficient cells (data not shown), suggesting that gp130 signaling is important for the induction of not only GFAP expression but also glial morphology.
Based on these results obtained in vitro, we wanted to know whether GFAP-positive astrocytes develop in vivo in the absence of gp130 signaling. When analyzed by Northern blotting, the amount of GFAP mRNA in E18.5 gp130 Ϫ/Ϫ brain was dramatically reduced to a nearly negligible level (Fig. 2 A) . GFAP mRNA expression in gp130 ϩ/Ϫ brain showed some reduction.
To further demonstrate impairment of astrocyte development in gp130-deficient mice, cryosections from the gp130 Ϫ/Ϫ E18.5 brain were stained with anti-GFAP antibody. As shown in Figure  2 B, the intensity of GFAP immunoreactivity and the positively stained area were dramatically reduced in gp130-deficient mice in, for instance, the fimbria and the molecular layer of dentate gyrus. Nevertheless, GFAP dull-positive cells were detected, in particular, in the fimbria of the hippocampus, suggesting that gp130-independent pathways exist that may partly contribute to the development of GFAP-positive astrocytes.
Neuronal defects in gp130-deficient mice gp130-stimulating cytokines are known to support survival of cultured neurons (Ernsberger et al., 1989; Martinou et al., 1992; Horton et al., 1998) . From the viewpoint of the survival effect of gp130 signaling, we first examined responsiveness of DRG neurons prepared from gp130 ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ E18.5 mice to various cytokines in cultures. Without cytokines, most DRG neurons were dead after 20 hr of culture, and only 10% remained alive (Fig. 3A) . Neurons from gp130 ϩ/ϩ and ϩ/Ϫ DRG could be kept alive when cultured with IL -6 plus sIL -6R, OSM, LIF, CNTF, or NGF. In contrast, gp130 Ϫ/Ϫ neurons did not show any survival response to these cytokines, except for NGF, which does not use gp130 for signal transduction.
Based on the above finding, the number of neurons in the L5 DRG from E18.5 mice was counted in paraffin serial sections. As shown in Figure 3B (lef t panel ) , the number of DRG neurons were significantly smaller in gp130 Ϫ/Ϫ mice than in the wildtype controls. There was, however, no significant difference in the number of E14.5 DRG neurons in gp130 ϩ/ϩ and gp130 Ϫ/Ϫ mice (data not shown). The second panel in Figure 3B shows considerable reduction in the number of motor neurons in the facial nucleus at E18.5. An ϳ40% reduction in the number of motor neurons in nucleus ambiguus in E18.5 gp130 Ϫ/Ϫ mice was observed (Fig. 3B, third panel ) . The number of spinal motor neurons in L1-L6 spinal segments of gp130 Ϫ/Ϫ mice was also significantly reduced on E18.5 (Fig. 3B, fourth panel ) . When counted on E14.5, the number of motor neurons in the same segments (i.e., L1-L6) of the spinal cord was not affected by the lack of gp130 (gp130 ϩ/ϩ, 3838 Ϯ 95; gp130 Ϫ/Ϫ, 3780 Ϯ 540), as in the case of DRG sensory neurons. Figure 3C shows representative histological sections of the spinal motor column in E18.5 gp130 ϩ/ϩ and Ϫ/Ϫ mice. In the gp130-deficient mice, a reduction in the number of intact motor neurons and atrophy of the remaining neurons are obvious.
DISCUSSION
Considering that gp130 is required for signal transduction of all the IL-6 family of cytokines and that these cytokines signal through either gp130/gp130 homodimers, gp130/LIFR heterodimers, or gp130/OSMR heterodimers (Taga and Kishimoto, 1997) , neurological phenotype of gp130-deficient mice was expected to be more severe than that of LIFR-deficient mice (Li et al., 1995; Ware et al., 1995; Koblar et al., 1998) , because the latter type of mice theoretically lack the signals of LIF, CNTF, and CT-1, as well as a part of OSM signals, among the six gp130-stimulating cytokines. However, by comparing the results from our present study on gp130 knock-outs and those from others on mice deficient for LIFR (Li et al., 1995) or CNTFR (DeChiara et al., 1995) , it appears that motor neurons are similarly affected in these three lines of mice. Because the extent of cell death of motor neurons in gp130 null mice is not higher than that observed in LIFR null mice (Li et al., 1995) , it is suggested that cytokines that signal through the gp130/LIFR heterodimer are important for the maintenance of motor neurons and that compensation through gp130/gp130 homodimers is only minor in LIFR mutant mice.
Similar discussion can be made regarding astrocyte differentiation. In the gp130-deficient brain, astrocyte differentiation was dramatically impaired. An almost comparable phenotype was observed in LI FR-deficient mice (Ware et al., 1995; Koblar et al., 1998) . Among the six known IL -6 type cytokines, those signaling through gp130/ LI FR heterodimers seem to be important for astrocyte differentiation as is described above for motor neuron survival. In fetal neuroepithelial cell cultures, GFAP expression is completely absent when gp130 (our present study) or downstream signaling (Bonni et al., 1997) is impaired. In the gp130 Ϫ/Ϫ mice in vivo, GFAP expression in the hippocampus is significantly reduced but not null. This suggests that other minor mechanisms may exist that can support astrocyte differentiation in vivo. A candidate for such a mechanism is bone morphogenetic protein (BMP)-induced astrocyte differentiation. When gp130 Ϫ/Ϫ neuroepithelial cells were cultured for 6 d with BMP2 (80 ng/ml), we observed GFAP-positive cells with astrocyte morphology, although the intensity of GFAP expression looked dull and the number of such cells was small (K . Nakashima, M. Yanagisawa, and T. Taga, unpublished data).
Mice lacking C N TFR were also reported to exhibit significant loss of motor neurons as has been observed in gp130 null mice in the present study. They, however, did not show detectable loss of DRG neurons (DeChiara et al., 1995) , unlike in the case of the gp130 nulls. It will be interesting to examine whether DRG neurons are affected in mice deficient for LI FR. As we have shown in this study, DRG neurons are significantly reduced by ϳ20% in gp130 null mice. The obvious responsiveness of DRG sensory neurons from gp130 Ϫ/Ϫ mice to factors such as NGF could explain why 80% of them can be maintained in the absence of gp130. There have been several reports showing sensory neuron deficits in the DRG of mice lacking, for instance, NGF, TrkA, TrkB, GDN F, and BDN F (Snider, 1994) . Signals regulated by these factors and receptors may compensate for the lack of those regulated by gp130 to support survival of DRG sensory neurons.
Among the three gp130-associating Janus kinase (JAK) family kinases (JAK1, JAK2, and TYK2) (Narazaki et al., 1994; Taga and K ishimoto, 1997) , JAK1 has been suggested to play a primarily important role (Guschin et al., 1995) . Consistent with this suggestion, it was reported recently that JAK1 deficiency resulted in significant loss of DRG neuron numbers and almost complete loss of responsiveness of DRG neurons to gp130-stimulating cytokines (Rodig et al., 1998) . It should be noted, however, that the number of DRG neurons in JAK1-deficient mice appears more reduced than that in gp130 null mice. This suggests that JAK1 may also be involved in signal transduction of factors besides the IL -6 type cytokines.
As for motor neurons, degeneration in the absence of gp130 in vivo was dramatic (by 40%) (Fig. 3B) . The higher loss of motor neurons compared with DRG sensory neurons suggests that fewer back-up mediators for motor neurons exist in gp130 Ϫ/Ϫ mice. In this context, it should be noted that primarily affected neurons at the immediate postnatal stage in mice deficient for C NTFR or LIFR are motor neurons (DeChiara et al., 1995; Li et al., 1995) and that C N TF-deficient adult mice exhibit loss of motor neurons but not other neurons (Masu et al., 1993) . The findings that motor neurons are more affected than sensory neurons in gp130 Ϫ/Ϫ mice could be of relevance to the understanding of motor neuron diseases. In the case of amyotrophic lateral sclerosis, loss of sensory neurons has been observed, which is, however, much lower than the loss of motor neurons and does not lead to severe clinical symptoms (Dyck et al., 1975; Jamal et al., 1985) . It will be interesting to know whether gp130-dependent signaling pathways are disturbed in such patients with motor neuron diseases.
Various neuropoietic and neurotrophic factors are known to support neuronal differentiation, innervation, and maintenance during development. Preference of such factors required by a neuronal lineage of cells may change in the course of development. The present study has shown that gp130 deficiency did not result in detectable neuronal defect on E14.5 but did lead to significant loss of both motor and sensory neurons on E18.5. This suggests that gp130-stimulating cytokines may not f unction in neuronal differentiation during earlier developmental stages but may have an important role in the maintenance of already differentiated neurons. A supportive evidence for this idea is that survival response of trigeminal ganglion neurons to gp130-stimulating cytokines is almost negligible on day 14 of development but is dramatically increased on day 19 to the extent almost comparable with that observed with NGF (Horton et al., 1998) , as has been demonstrated by our experiments in Figure 3A . Another supportive report is that transgenic mice with forced expression of IL-6 and IL -6R show constitutive activation of gp130 and exhibit accelerated motor nerve regeneration after surgical injury of hypoglossal nerve, although these mice have a developmentally normal number of hypoglossal motor neurons (Hirota et al., 1996) . LI F and C N TF have been suggested to f unction as a cholinergic differentiation factor that induces a transmitter switch from noradrenergic phenotype to a cholinergic one in cultured sympathetic neurons (Yamamori et al., 1989; Patterson, 1994) . However, mice lacking CNTF, LIF, or both did not show detectable developmental abnormalities in cholinergic properties of parasympathetic neurons, at least in the sweat glands and periosteum (Francis et al., 1997) , whereas injury response of differentiated sympathetic neurons was affected at least in LIF-deficient mice (Rao et al., 1993) .
It has been suggested that there exists a common neural precursor that can differentiate into both neurons and astrocytes (Turner and Cepko, 1987; Kilpatrick and Bartlett, 1995; Bonni et al., 1997; McKay, 1997) . In gp130 knock-out mice, both of these neural cell populations at the late developmental stage were affected. However, our results suggest that the deficits observed in motor neurons and astrocytes are probably not a result of actions through gp130 at the stem cell level, because E14.5 gp130 null mice have normal numbers of motor neurons and sensory neurons.
In the present study, we have focused on the neurological defects in gp130-deficient mice at the late stage of development. gp130-deficient mice die during development and shortly after birth. Even the live-born gp130 Ϫ/Ϫ mice on the ICR genetic background die shortly after birth without feeding. It will be interesting to examine relevance between the neurological abnormalities found in E18.5 gp130 Ϫ/Ϫ mice and neonatal death of this line of mice. With the use of these mice, physiological function of gp130 after birth could not be examined. Therefore, techniques have been developed to inactivate gp130 in mice by application of the Cre/loxP-mediated recombination system. By these techniques, Betz et al. (1998) were able to show that postnatal Schwann cells depend on gp130 for their integrity and the maintenance of myelinated and unmyelinated peripheral nerve fibers. With the improvement of appropriate techniques to delete gp130 specifically in postnatal motor neurons and astrocytes, it will be possible to examine whether gp130-dependent signaling pathways are also necessary for the maintenance of adult motor neurons and astrocytes and whether the dependence on the gp130 signals increase or decrease during postnatal development.
